Recently metallic two and three dimensional photonic crystals ͑PCs͒ have been studied with the focus on using such structures in incandescent lighting and thermal photovoltaic applications. They exhibit a metallic band gap for low frequencies as well as structural band gaps. Especially the metallic band gap allows to block the infrared transmission respectively emission. In this letter we show that also the structural simpler one dimensional ͑1D͒ system has the same features; furthermore it builds an omnidirectional band gap for the Drude dispersion relation. For the case of a polaritonic system 1D PCs are able to exhibit angle of incidence as well as frequency dependent filter characteristics. The dispersion relation of surface plasmons, extending over adjacent layers is obtained. Propagating states must lie within the Wiener bounds.
Recently metallic two and three dimensional photonic crystals ͑PCs͒ have been studied with the focus on using such structures in incandescent lighting and thermal photovoltaic applications. They exhibit a metallic band gap for low frequencies as well as structural band gaps. Especially the metallic band gap allows to block the infrared transmission respectively emission. In this letter we show that also the structural simpler one dimensional ͑1D͒ system has the same features; furthermore it builds an omnidirectional band gap for the Drude dispersion relation. For the case of a polaritonic system 1D PCs are able to exhibit angle of incidence as well as frequency dependent filter characteristics. The dispersion relation of surface plasmons, extending over adjacent layers is obtained. Propagating Planck's derivation of thermal radiation has led to quantum mechanics but is also extremely important for applications as lighting and sensing. Recently, thermal radiation from three dimensional ͑3D͒ metallic photonic crystals has attracted a lot of attention because it was proposed that thermal radiation from these structures might even exceed the radiation of a blackbody.
1 However, an ab initio calculation of the equilibrium thermal emission properties of a photonic crystal assuming Kirchhoff's law has shown that thermal radiation from photonic crystals in equilibrium can exceed only that of a blackbody by means of fluctuations ͑which vanish by averaging͒. 2 The physics of surface plasmons ͑SPLs͒ and surface polaritons are investigated since long time 3, 4 and SPLs have highly interesting sensor applications 5 or enhance the efficiency of light emission. 6 The objective of this letter is to discuss the band structure and a possible omnidirectional reflectance 7, 8 of one dimensional ͑1D͒ metallic photonic crystals ͑MPCs͒. Photonic crystals with a real dielectric constant are well known and have been investigated since the end of the 1980s. The periodicity in these structures leads to forbidden frequency bands which can be used to filter or to guide waves with a certain energy. Kuzmiak and Maradudin 9 were one of the first authors who treated MPC characterized by a frequency dependent and complex dielectric function. This frequency dependence is modeled either as Drude 9 or as polaritonic like. 10 The solution of the eigenvalue equation yields either a complex frequency ͑interpreted as lifetime͒ or a complex wave vector k ͑interpreted as spatial damping͒. Kuzmiak and Maradudin presented two techniques to calculate the band structure: With plane wave expansion ͑PWE͒ the band structure ͑k͒ and the fields for 1D, two dimensional, and 3D MPCs can be numerically determined; with a Kronig Penney ͑KP͒-like description k͑͒ is calculated, but with the exception of special arrangements, 11 only for 1D MPCs. The results given below are obtained with KP, PWE resulted in an higher computational load. The band structure solutions were also correlated with transmission matrix calculations. The equation from the KP model is
with n i as refractive index and a i as width of the layer with indices i =1,2 describing air or metal. The metallic layers are orientated in the x-y plane and separated by air. In Fig. 1 the band structure for normal incidence onto a 1D MPC, whose dielectric function is Drude-like variable L /2c which is normalized to 1 at p . In Fig. 1 is plotted as a function of the real and imaginary k z vectors fulfilling the KP equation. Already previous authors 9, 13 have observed a few remarkable effects: ͑a͒ propagation through such infinite structures becomes allowed even much below p , ͑b͒ there is a clear distinction between structural band gaps ͑second and higher band gaps͒ and a metallic band gap which extends from =0 to ϳ 0.3 p , and ͑c͒ the penetration depth in the metallic band gap is about two to three periods and much less than in the structural band gaps.
These results suggest that 1D MPC structures can be used to filter infrared light in optical applications. Can such filter characteristics be extended to off-axis propagation, too, for obtaining an omnidirectional band gap? 7, 8 To answer this question we calculated the band structure of a 1D MPC for non-normal incidence for TE and TM polarized waves.
The result is shown in Fig. 2 . The shaded regions in this plot are solutions of Eq. ͑1͒ with a real and positive , a real k y , and a real k z component ͓as numerical cutoff we plotted a projection of the solutions ͑k y , k z ͒ with I͑k z ͒L /2 Ͻ 0.01͔. Contrary to 1D dielectric PCs with omnidirectional reflection we do not use a light line ͑ = ck͒, because the dielectric function is frequency dependent. However, we plot the Wiener bounds 14, 15 for TE ͑no screening͒ as well as for TM ͑maximum screening͒ as black lines. The Wiener bounds are upper and lower limits for the effective dielectric function of a composite with a given volume fraction, irrespective of microstructure.
Returning to an omnidirectional band gap, in the case of TE polarized light ͑E field in plane͒ no states exist in the metallic band gap. For both polarizations the variation of the cutoff limit I͑k z ͒, physically interpreted as inverse penetration depth, is shown by different colors-solutions which exist below the Wiener bounds-for TE, e.g., the blue area must be evanescent.
For TM polarization solutions below the Wiener bounds ͑Fig. 2͒ are found in the metallic band gap, plotted in green ͑I͑k z ͒L /2 Ͻ 0.005͒, respectively, red ͑I͑k z ͒L /2 Ͻ 0.01͒. Further investigation of these solutions shows that they have a vanishing real k z , i.e., these modes are propagating parallel to the layers. In Fig. 3 the solutions of Eq. ͑1͒ with a zero and real k z component are presented ͑red͒. The bars indicate the imaginary part of k z ͑norm is given in the inset͒. This dispersion relation approaches in the limit k y → ϱ the one of surface plasmons. 16 It is worth to mention that damping occurs mainly in the direction perpendicular to the layers, the in plane propagation of the SPLs is hardly damped despite the finite ␥.
For small k y , Ӷ p , and small filling factors the transcendent Eq. ͑1͒ reduces for k z =0 to
͑3͒
This relation is shown as blue dashed line in Fig. 3 . For a single metal-air surface the low frequency limit is exactly the same except the factor ͱ 1− f which takes into account the periodicity of and coupling between metallic layers. For small wavelengths ͑k y → ϱ͒ the condition air =− metal has to be fulfilled ͑also results from Wiener bounds͒ and therefore the dispersion has to reach the limit = p / ͱ 2 ͑Fig. 3͒. The dispersion relation exhibits a band gap between p / ͱ 2 and p , as in the case of a single metallic surface, occurring through the common effect of the first structure band gap and the surface plasmon behavior. 16 In Fig. 3 solutions ͑green͒ with R͑k z ͒L /2 = 0.2 are shown, representing modes propagating concurrently through the stack and along the layers.
We now turn to the polaritonic dielectric function ͑͒ Some quite interesting phenomena are ͑a͒ the largest damping that occurs at the transversal optical frequency which implies ͑b͒ that there are again two different types of band gaps-the structure band gaps and the polaritonic band gap ͑at T ͒ and ͑c͒ the PC becomes transparent below L . By choosing different material parameters and/or selecting the appropriate thickness of the layers one can either merge a structure band gap and the polaritonic band gap into a huge one, or construct a band pass, in addition transparent only for a certain angle of incidence. Therefore it is interesting how the band structure changes in the case of oblique incidence. In Fig. 5 again, propagating states can only exist above the Wiener bounds. An interesting feature occurs for the TE case around L close to the Wiener bound. These volume states become allowed due to periodicity and have a very small k z and a dominating k y component, they propagate almost parallel to the metallic layers. On a single flat surface modes with this polarization cannot exist.
Summarizing we studied 1D MPC under normal and oblique incidences and found a modification of dispersion relations for surface plasmons extending over more than one metallic layer. For polaritonic dispersion relations the interplay between metallic and structure band gaps allows a variety of applications. For both cases, metallic as well as polaritonic PC omnidirectional band gaps exist. The interrelation between Wiener bounds and states propagating along the surface is clarified.
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